In recent years, there have been growing applications of active materials, such as piezoelectrics and magnetostrictives, as actuators in the aerospace and automotive fields. Although these materials have high force and large bandwidth capabilities, their use has been limited due to their small stroke. The use of hydraulic amplification in conjunction with motion rectification is an effective way to overcome this problem and to develop a high force, large stroke actuator. In the hydraulic hybrid actuator concept, a hydraulic pump actuated by an active material is coupled to a conventional hydraulic cylinder, from which output work can be extracted. This actuation concept requires a high bandwidth active material with a moderate stroke. Both piezoelectrics, and magnetostrictives such as Terfenol-D and Galfenol are well suited as driving elements for this application, however, each material has its drawbacks. This paper presents a comparison of the performance of a piezoelectric, Terfenol-D and Galfenol element as the driving material in a hydraulic hybrid actuator. The performance of the actuator with each driving element is measured through systematic testing and the driving elements are compared based on input power required and actuator mass. For a pumping chamber of diameter 1" and a driving element of length 2", the maximum output power was measured to be 2.5 W for the Terfenol-D hybrid actuator and 1.75 W for the piezoelectric hybrid actuator.
INTRODUCTION
Active materials undergo an induced strain in response to the application of an electric, magnetic, or thermal field. Piezoelectrics and magnetostrictives, specifically, are attractive as actuators due to their high energy density, large blocked force, and wide actuation bandwidth. In addition, these actuators have no moving parts and are therefore, mechanically less complex than conventional actuators such as hydraulic systems. However, their use in a wide range of applications is usually limited due to their small stroke 1 . Without a means of stroke amplification, these actuators can only reach strain levels on the order of 1000 µε. To overcome this limitation, many types of mechanical amplification have been developed, where linkages are used to amplify the stroke of the material. These methods trade output force for a larger output stroke. In addition, the finite stiffness of linkages results in energy loss and limits the amplification to less than 15. In fact, studies have shown that mechanical amplification methods lead to a reduction in actuator energy density of up to 80% 2 .
The use of a hydraulic amplification in conjunction with frequency rectification is an effective way to overcome the problem of small stroke, effectively yielding a high force, large stroke actuator. This combination of an active material element driving a hydraulic fluid system is called a hydraulic hybrid actuator. In this actuation concept, a high bandwidth active material is driven at a high frequency to pressurize fluid in a pumping chamber. The flow of the pressurized fluid is then rectified by a set of one-way valves, creating pulsing flow in a specified direction. The resulting one directional flow is then utilized to transfer power from the active material to a conventional hydraulic cylinder. Through this stepwise actuation process, the high frequency, small stroke of the active material is converted into a larger, lower frequency displacement of the output cylinder. To avoid any confusion, the term 'actuator' will be used to refer to the entire hybrid hydraulic actuator and the term "driving element" will refer to the active material driving the piston.
The proof-of-concept of a hybrid hydraulic actuator driven by piezoelectric stacks has been well established by several researchers. Because various sized driving elements were used, performance results differed in each case. Mauck and Lynch 3, 4 developed a PZT pump that achieved a performance of 7.25 cm/sec unloaded velocity and 271 N (61 lbs.) of blocked force. The actuation frequency was limited to 60 Hz due to self-heating and high levels of required input current. In addition to experimentally determining performance characteristics and the effects of fluid viscosity, a lumped parameter model of the system was also developed. Nasser 5, 6 developed a compact piezohydraulic actuation system that utilized active solenoid valves to rectify the piezoelectric actuation and produce uni-directional motion in the output cylinder. The system used a piezoelectric stack actuator with a free displacement of 100 µm and a blocked force of 3000 N. The low bandwidth of the solenoid valves ultimately limited the actuation frequency of the piezoelectric actuator to 7 Hz. It was found that the time delay of the valves was the primary limiting factor in achieving higher speeds and greater power from the actuator. In addition, a lumped parameter system model was developed to predict the steady state motion of the output cylinder. Konishi 7, 10 developed a piezoelectric hydraulic hybrid actuator driven by a piezostack with high blocked force. The piezostack had a length of 55.5mm and a diameter of 22mm. Its blocked force was 10.8kN and its free displacement was 60 µm at an operating voltage of 600 V peak-topeak. The actuator was excited at frequencies up to 300 Hz, and delivered an output power of 34 W. In addition, mathematical models were developed to investigate the use of fluid resonance on the maximum output power achievable. Sirohi and Chopra 11, 12 designed and constructed a high frequency piezohydraulic actuator for potential use in smart rotor applications. The device used two piezostacks of total length 3.61 cm and cross-sectional dimensions of 1 cm x 1 cm. In testing the performance of the system, the piezostacks were driven at frequencies from 50 to 700 Hz at 0-100V and the output velocity was measured. The actuator was found to have an unloaded velocity of about 17.78 cm/sec and a blocked force of 80 N. Although the piezohydraulic pump showed good performance in low pumping frequency tests, it exhibited self-heating problems at high pumping frequencies. This ultimately limited the actuator's achievable flow rate. In addition to experimental work carried out on the piezohydraulic actuator, a quasi-static model was developed for predicting the performance of the actuator fluid system by Cadou et. al. 13 . The model showed good correlation with experimental results at low frequencies (<150 Hz), and found that the inertia of the piezostack load dominates the behavior of the device at high frequencies. The design and performance of a high power output piezohydraulic actuator for application on an Unmanned Aerial Vehicle has been reported by Anderson et. al.
14 .
Several limitations of using piezostacks as driving elements of such a hybrid actuator were apparent from the above research efforts. A major concern is the self-heating of the piezostacks, due to their relatively large dissipation factor. As the frequency of excitation increases, the steady-state temperature of the piezostacks can exceed the limits specified by the manufacturer. In addition, the material is brittle and can exhibit cracking due to high frequency operation over prolonged periods of time. Actuators based on piezostacks are not easily scalable to larger dimensions, and the effect of scale on the power density has not been investigated.
Magnetostrictives are a promising alternative to piezostacks for this application. The bandwidth of magnetostrictive materials such as Terfenol-D and Galfenol is comparable to that of piezostacks. In addition, Terfenol-D has a larger maximum induced strain (on the order of 1500 µε) compared to piezostacks. Because of their low hysteresis, magnetostrictive materials have low energy dissipation and therefore, are not expected to suffer from self-heating limitations. Another advantage of magnetostrictive materials is that their induced strain shows a quadratic dependence on the applied field. As a result, the frequency of the induced strain is double the frequency of the applied current. This can be used to obtain resonant amplification from the hydraulic circuit while actuating the driving element at half the frequency compared to that of a piezostack. However, the use of a magnetostrictive driving element also has several drawbacks. An electromagnetic field generator is required, which increases the overall mass of the actuator. In addition, the current passing through the field generating coil can generate a lot of heat. Terfenol-D is known to be very brittle and may crack as a result of shock loads occurring during high frequency operation. Galfenol has very good mechanical properties but has approximately a fifth of the induced strain of Terfenol-D. It can be seen that the choice of a driving material for a hybrid actuator involves a number of performance metrics. In order to choose between the different active materials, it is necessary to have a good understanding of the performance of a hybrid actuator driven by each type of active material.
However, limited work has been reported in the literature regarding the performance and design issues regarding magnetostrictive hybrid actuators. Gerver 15 has developed a magnetostrictive water pump using Terfenol-D that utilizes a two-stage actuation system and a hydraulic stroke amplifier to effectively increase the induced strain of the actuator. The designed flow rate of the pump is 30 ml/sec at a pressure of 5 psi for a power consumption of 25 W. Other interesting studies include a review of magnetostrictive actuators and their applications performed by Claeyssen 16 . Bridger et. al. 17 have developed a high pressure magnetostrictive pump for application on a UAV.
The goal of this paper is to obtain comprehensive performance data from a magnetostrictive hybrid actuator. A hybrid hydraulic actuator based on an existing prototype designed by Sirohi and Chopra 18 is modified so that it can be driven by both piezoelectric as well as magnetostrictive elements. The piezoelectric hybrid actuator is driven by commercially available piezostacks of total length 2". The magnetostrictive hybrid actuator is driven by both Galfenol and Terfenol-D rods, each of length 2". The performance of these actuators will be compared based on several metrics such as output power, efficiency, heat generation and actuator mass. This comprehensive set of metrics will enable the proper selection of a driving material in future hybrid actuators.
PIEZOELECTRIC HYBRID ACTUATOR
The basic operation of the hydraulic-hybrid actuator involves three stages. A schematic of the system (Figure 1 ) highlights these steps. The first stage involves the actuation of an active material to pressurize fluid in the pumping chamber. This is achieved by applying an alternating electric or magnetic field to the active material, which makes the material expand and contract. The active material is attached to a piston which is driven in and out of the pumping chamber. The movement of the piston pressurizes the fluid in the pumping chamber. The next step is to create a single direction of fluid flow from the pumping material. The rectification of the oscillatory flow in the pump chamber is performed by a set of reed valves. Note that the schematic shown in Figure 1 represents an actuator operating in unidirectional mode. For a practical bi-directional actuator, directional control valves have to be introduced into the hydraulic circuit. The final stage of the hybrid hydraulic concept is the transfer of power from the driving material to the output cylinder through the hydraulic circuit. The hydraulic circuit consists of a network of tubes used to direct the fluid to either side of the output cylinder and usually includes an accumulator by which a bias pressure can be applied on the fluid. The body of the pump is designed in such a way that it can accommodate either a piezoelectric driving element or a magnetostrictive driving element. A description of the pump body, hydraulic circuit and the driving element is given below. Details of the construction of other parts of the actuator have been reported by the authors in a previous publication 17 .
Figure 1. Schematic of uni-directional hybrid hydraulic actuator
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Pump body
The driving material used to pressurize the fluid in this actuator is contained in a steel cylinder called the pump body. The pump body is 2" long, has a 1.4" outer diameter and a 1" inner diameter. The driving material is enclosed in the pump body at one end by the piston-diaphragm assembly and at the other end by a preload base. A diagram of the pump body assembly is shown in Figure 2 . The preload base can be tightened against the active material to provide a compressive preload. An additional compressive load is applied by the bias pressure applied to the hydraulic fluid. The pump body is made thick enough to be much stiffer than the active material, so the strain of the active material is not lost in deforming the body. Slots are cut in the preload base to allow room for power and sensor wires. When preload is applied, the driving material is pressed against the piston-diaphragm assembly. The piston is made of steel and has a tight running fit with the bore of the pump body. The side of the piston not in contact with the active material makes up the top part of the pumping chamber. A 0.002" thick C-1095 spring steel diaphragm is clamped to both the piston head and the pump body, sealing the pump body from the fluid in the pumping chamber. When the driving material is actuated, it displaces the piston by deforming the piston diaphragm. The movement of the piston then changes the volume of the pumping chamber and pressurizes the fluid. The initial volume of the pumping chamber is 0.04 in 
Hydraulic circuit
The hydraulic circuit for this actuator consists of a manifold, an output cylinder, and an accumulator. The manifold is constructed out of aluminum and was designed and manufactured in-house. It contains the tubing required to direct the fluid to and from the pumping chamber and the output cylinder. A picture of the manifold and output cylinder coupled to the pump body assembly is shown in Figure 3 . In this configuration, the manifold only directs the fluid to one side of the output cylinder, so that the actuator can only be operated in one direction. A return valve mechanism is utilized to allow the output cylinder to reset to its original position. Attached to the manifold is an accumulator with a gas volume of about 0.1 cubic inches. The accumulator has a 0.06" thick rubber diaphragm, and is used to apply a bias pressure to the fluid in the actuator. This helps to prevent cavitation in the fluid and also serves to add some preload to the active material. A bias pressure of 200 psi was applied to the fluid for all tests. The output cylinder is a commercially available double acting hydraulic cylinder from Bimba Manufacturing Company with a 7/16" bore diameter, a rod diameter of 3/16", and a 2" stroke 19 . Relevant dimensions of the actuator assemblies are listed in Table 1 . 
Piezoelectric driving element
The piezoelectric driving element was constructed by assembling three commercially available PI.804.10 piezoelectric stacks 20 in series. These were chosen on the basis of a previous study in which they were found to have the highest energy density compared to several other commercially available piezoelectric stacks. The total length of the piezoelectric stack assembly was 2.05", with a cross-sectional area of 0.155" and a mass of 60 grams. A picture of the piezoelectric driving element instrumented with full-bridge strain gauges is shown in Figure 4 . The three stacks were connected electrically in parallel, resulting in a total actuator capacitance of 21µF. This driving element can be directly introduced as the driving element in the hybrid actuator as shown in Figure 2 . 
MAGNETOSTRICTIVE HYBRID ACTUATOR
In order to convert the existing piezoelectric pump into a magnetostrictive pump, two new parts were designed and fabricated. These parts are the magnetic field generating coil, and a preload base for the magnetostrictive element that also functioned as a magnetic flux return path. A schematic of the magnetostrictive pump assembly is shown in Figure  5 . For this pump assembly, a 0.25" diameter magnetostrictive rod of length 2" was used as the active element. Due to the high operating frequency at which the rod was to be actuated, a laminated rod was used to minimize eddy currents. A coil was designed and constructed to generate the magnetic field needed to actuate the Terfenol-D rod to an induced strain of 1000 µε. As the saturation magnetic field for Galfenol is much less than that of Terfenol-D
21
, the coil designed for Terfenol-D would also be sufficient to actuate the Galfenol rod. The coil has a length of 2 in., an outer diameter of 1 in., and an inner diameter of 0.27 in., allowing room for the 0.25 in. rod as well as strain gauges and a surface-mounted thermocouple. About 362 turns of 32 gauge copper wire were wound at the base of a Delrin spool to act as a flux sensor. About 600 turns of 20 gauge wire coil were then wound over the sense coil as the magnetic field generator. The field generating coil had a resistance of about 1.2 ohms, and a mass of about 113 g. . Note that because the pump body needs to be ferromagnetic in order to form a magnetic flux return path, it was constructed out of low-carbon steel. The pump body has an inner diameter of 1 in. and a length of 2.5 in., allowing the field-generating coil to fit snugly inside it. At one end of the pump body, a steel piston is attached and remains in contact with one end of the Terfenol-D rod. At the other end of the pump body, a steel end cap completes the flux return path and is used as a preloading device on the magnetostrictive rod. The complete magnetic flux path is formed by the pump body, piston, magnetostrictive rod, and end cap. Two slots were cut along the length of the pump body to reduce the effect of eddy currents. Slots were also cut in the end cap to allow room for the coil wires and sensor wires. The slots were coated with insulation to prevent any shorting of the wires with the pump body. An exploded view of the magnetostrictive pump components is shown in Figure 6 . 
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EXPERIMENTAL SETUP AND PROCEDURE
Before driving the actuator, the system was completely filled with fluid by first vacuuming the hydraulic circuit and then letting in the hydraulic fluid through a specially designed tube fitting. The accumulator was then assembled to the actuator and a bias pressure was applied to the fluid. For all tests in this paper, the bias pressure applied was 200 psi. At this pressure, the fluid applies a compressive stress of 3.2 ksi to the Terfenol-D and Galfenol rods, and a compressive stress of 1 ksi to the piezostack, which has a larger cross-sectional area than the magnetostrictive rods. The stress on the Terfenol-D and Galfenol rods was further increased to 4 ksi by tightening the screws on the preload base. Strain gauges mounted on the rod in a Wheatstone bridge configuration allowed the exact amount of stress in the rod to be determined. Because Terfenol-D is a very brittle material, care was taken to evenly tighten the preload screws and apply only axial stress to the rod.
Two types of tests were performed on the actuator with each driving element:
1. No-load tests: These tests were performed to determine the fluid flow rate of the actuator under no external load. The velocity of the output cylinder and the input power were measured. This corresponds to the power required to overcome losses in the actuator, such as friction in the rod seals. 2. Loaded tests: These were performed to investigate the actuator performance in an externally loaded condition.
For these tests, weights were hung from the shaft of the output cylinder, applying a constant load to the fluid and to the active material. The input power and cylinder velocity were measured. From the weight hung on the shaft, and the cylinder velocity, the output power was calculated.
The no-load tests as well as the loaded tests were performed using uni-directional actuation. A return valve is opened after each test to allow the output cylinder to return to its initial position. The piezostacks were actuated using an AE Techron, LV 3620 Linear Amplifier 22 . The coil used to actuate the magnetostrictive material was driven using a QSC Audio, RMX 2450 Professional Power Amplifier 23 . In both cases, a Stanford Research Systems, 3.1 MHz Synthesized Function Generator was used to supply the input signal to the amplifiers 23 .
During each test, data was acquired using a National Instruments PCI-6031E 16-bit DAQ card in conjunction with a MATLAB program developed in-house. The program recorded voltage and current levels applied to the active material from sense resistors connected in parallel and series with the amplifier, as shown in Figure 7 . Voltage dividers were used to obtain a signal within the limits of the DAQ system, and all data corrections were performed using the MATLAB program. The strain of the active material and the output cylinder velocity were also measured using a strain gauge full-bridge bonded to the active material and covered with a polyurethane coating for protection and insulation. The velocity of the output cylinder was measured using a linear potentiometer that was attached to the shaft of the output cylinder and had a 2.25" stroke.
Figure 7. Circuit Used for Voltage and Current Measurements

RESULTS AND DISCUSSION
Three different configurations were obtained by assembling the Terfenol-D rod, Galfenol rod and piezostack in the same hydraulic pump assembly. The properties of the three driving elements are listed in Table 2 . Because the hydraulic circuit remained constant, and the length of the driving element was the same in all three cases, the performance of the three actuators could be directly compared. Measurements of the no-load velocity, output power, input power and temperature rise were compared for each actuator. 
No-load velocity tests as a function of frequency
The no-load velocity of the actuator was measured by actuating the driving element at frequencies of 0-1000 Hz, with no load on the output cylinder. The maximum actuation frequency was limited by amplifier capability. Each active material was run at its maximum strain condition to determine its maximum fluid flow rate as well as the response of the hydraulic circuit. The induced strain of the Terfenol-D rod and Galfenol rod are shown in Figure 8 and Figure 9 . The maximum induced strain of the Galfenol is approximately 35% that of the Terfenol-D, while the required current (i.e. required magnetic field) is around 25% that of the Terfenol-D. The independence of the strain of the magnetostrictive elements on the polarity of the applied current can also be clearly seen. The induced strain of the piezostack is plotted against the input voltage at a frequency of 100 Hz in Figure 10 . It can be seen that the maximum strain of the piezostacks is about 700 µε and there is a significant amount of hysteresis in the strain response. The hysteresis in the strain response of the Galfenol sample is mainly due to eddy currents. In the case of the Terfenol-D rod, a laminated rod was used for testing, which minimized the effect of eddy currents. However, due to unavailability of material, the Galfenol rod that was tested was not laminated, resulting in a higher hysteresis.
Input current (A)
Strain ( The no-load output velocity of the actuator is shown as a function of driving frequency in Figure 11 . As the actuation frequency approaches resonance, dynamic effects in the hydraulic circuit become apparent. The plot shows that the resonant frequency of the Terfenol-D pump is about 150 Hz less than the resonant frequency of the piezostack pump. A possible explanation of this trend is the difference in stiffness of the two driving materials. The Terfenol-D rod has a lower stiffness than the piezostack leading to a lower resonant frequency. In addition, the output velocity of the Terfenol-D actuator is higher than the piezostack actuator due to the higher maximum strain. Testing of the Galfenol driven actuator failed to produce any output velocity. It was hypothesized that the Galfenol failed to produce any fluid flow due to its low strain. To prove this theory, no-load tests were again performed by actuating the Terfenol-D driving element at various values of induced strain and measuring the output velocity. The results are plotted in Figure 12 . It can be seen that the no-load velocity is a non-linear function of the Terfenol-D strain and that a minimum of about 350 µε is required to produce any output motion. It was then concluded that the maximum strain of the Galfenol driving element was not sufficient to produce output motion with the present actuator geometry. The reason for this non-linear behavior is attributed to dissipative elements in the hydraulic circuit, such as Coulomb friction in the rod seals of the output cylinder. Using Galfenol in a pump with alternate pumping chamber dimensions could generate enough flow rate to overcome the internal losses of the actuator. Increasing the piston diameter of the actuator would generate more fluid flow per cycle for a given material strain while increasing the stiffness of the fluid. Because Galfenol has a higher blocked force and lower free strain than Terfenol-D, a larger piston diameter would create a condition where the impedance of the Galfenol rod and pumping chamber fluid are more closely matched. For the remaining experiments with the present actuator setup, only Terfenol-D and the piezostack driving elements will be tested. 
Loaded velocity tests and output power
After testing unloaded performance, tests were performed to measure the blocked force and loaded performance of the actuators. By measuring the output velocity of the actuators under a known load, a value of output power can be obtained. Based on the input power required at each operating condition, an efficiency can be found. To do this, a value of output power was measured across a range of actuation frequencies. At each frequency, the active material was driven with a constant value of current or voltage, for the Terfenol-D and piezostack, respectively. Output velocities were measured for several loads acting on the actuator, leading to a force-velocity curve at each frequency. The load was applied by suspending a deadweight from the shaft of the output cylinder. The input voltage and current were also measured at each operating frequency and output load. The force-velocity curves are plotted in Figure 13 and Figure 14 for the Terfenol-D actuator and the piezostack actuator, respectively. These plots show only the curves for actuation frequencies of 100 Hz, 200 Hz, and 300 Hz. A linear fit is plotted for the data points in order to extrapolate the blocked force of the actuator. As the output load is increased, the strain of the actuating material decreases and the output velocity at all frequencies converges to zero at the blocked force condition. The blocked force remains constant for all actuation frequencies. The blocked force of the Terfenol-D actuator is about 10 lbs, while the blocked force of the piezostack actuator is about 14 lbs. The difference of about 40% is due to the lower stiffness of the Terfenol-D rod. The unloaded velocities of the actuators are almost linear with actuation frequency. This is to be expected since fluid flow rate is simply a product of the piston deflection and the actuation frequency at low frequencies below resonance.
To obtain a value for output power of the actuator, the area under the force-velocity curve was found for each actuation frequency. This area corresponds to the available power of the actuator. Half of the area under the force-velocity curve corresponds to the maximum output power condition and was calculated at each actuation frequency. The values of maximum output power are plotted against actuation frequency for both actuators in Figure 15 . The plot shows similar values of output power at low actuation frequencies. This is because, although the Terfenol-D actuator has a lower blocked force than the piezostack actuator, it also has a greater no-load velocity. The two factors balance out at low frequencies. At higher frequencies, the blocked forces remain constant, but the unloaded velocities increase, resulting in a higher output power for the Terfenol-D actuator. 
Actuator efficiency
An accurate comparison of the actuator efficiencies cannot be made without considering the input power. By normalizing the output power of the actuators by the input power at each frequency, the overall efficiency of the actuator can be obtained. The input power of each actuator as a function of operating frequency is shown in Figure 16 . Note that the input power plotted is the apparent input power, which is the product of the input voltage and input current. Because the piezostack actuator is highly capacitive, and the Terfenol-D actuator is highly inductive, the apparent power required by both the actuators is very high (compared to the active power). This results in a low overall efficiency for the actuator.
The efficiency of each actuator, based on apparent input power is shown for varying actuation frequencies in Figure 17 . It can be seen that the maximum efficiency of the piezostack actuator is about twice the efficiency of the Terfenol-D actuator across all actuation frequencies. At low frequencies, when the output power of both actuators is about the same, the larger input power drives down the efficiency of the Terfenol-D actuator. As the actuation frequency increases, the Terfenol-D actuator produces more output power than the piezostack actuator. However, the large increase in required input power due to the inductive reactance of the coil degrades the overall efficiency. Because of the lower power requirements of the piezostack actuator, its overall efficiency is much higher than the Terfenol-D actuator. To improve the Terfenol-D actuator, a coil with slightly larger wire diameter could be used to help lower the reactance at high frequencies. Coils with larger wire diameters, however, will begin to lose efficiency as the winding process becomes more difficult. 
Self-heating
An important characteristic of the actuator operating at a high pumping frequency is its self heating. As the operating temperature increases above room temperature, the magnetostriction of Terfenol-D decreases due to lowered saturation magnetostriction. This degradation in performance becomes more significant at higher temperatures until at the Curie temperature the material becomes paramagnetic 25 . The main source of the heating is the resistive heating of the magnetic field generating coil. In the case of the piezostack actuator, the major source of heating is the dissipation factor of the material. This is a direct consequence of the hysteresis exhibited by the material, which is much larger in the case of piezoelectric materials compared to magnetostrictive materials. The maximum operating temperature of the piezostacks is limited by manufacturer specifications 20 to 80°C.
For these reasons, it is important to test the heating characteristics of the driving element while driven at high frequencies. A thermocouple was mounted to the surface of the Terfenol-D rod and piezostack to measure temperature. Although the temperature on the surface of the rod would not exactly represent the temperature at the core, the approximation was considered acceptable for this experiment. The actuator was excited in the same manner as for the uni-directional tests at various frequencies while steady state temperatures were recorded from the thermocouple. The test was carried out for current levels of 1 amps and 2 amps supplied to the magnetic field generating coil in the case of Terfenol-D and at a voltage of 0-100 V for the piezostack. The steady state temperatures of the Terfenol-D rod and piezostack are shown as a function of driving frequency in Figure 18 . Clearly, self heating could be a significant problem when the coil is driven with high currents. However, it should be noted that the magnitude of heat generated depends on the resistance of the coil, which depends on the design of the coil. Therefore, the coil can be optimized in such a way as to minimize the heat generated. It can be seen that the steady state temperature rise of the piezostack exceeds that of the Terfenol-D rod. Note that this temperature rise cannot be affected by design of the actuator as it is a direct consequence of a material property. Therefore, it can be concluded that the piezostack suffers from a more severe self heating problem than the Terfenol-D, and in applications requiring a high pumping frequency; the piezostack can only be used with an appropriate method of heat dissipation. Table 3 . 
SUMMARY AND CONCLUSIONS
The goal of the present work was to evaluate the performance of magnetostrictive and piezoelectric driving elements in a hybrid hydraulic actuator, in order to identify the best driving element. To this end, a magnetostrictive and piezostack hybrid actuator were designed and constructed with driving elements of equal active lengths (2"). Their performance characteristics were then measured experimentally and compared based on output power, efficiency, actuator mass and self-heating properties.
The maximum unloaded velocity of the piezostack actuator occurred at an actuation frequency of 700 Hz and was about 9 in/sec, and the blocked force was 14 lbs. Measurements of the loaded velocity of the piezostack actuator showed a maximum output power of 1.75 Watts at the same frequency. The maximum power output occurred at a load of about 5 lbs. Heating was kept to a minimum by not actuating the piezostack for prolonged periods of time, however a steady state temperature of 75 °C was measured at 500 Hz. The manufacturer specified temperature limit for the piezostack is 80 °C.
It was determined that output motion from this actuator would not be possible with Galfenol as the driving element. This was due to the non-linear relationship of the output velocity of the actuator with the strain of the driving element.
A minimum of 350 µε was required to produce any output. However, the maximum strain achieved in the Galfenol rod was only about 300 µε. It was concluded that in order to build an efficient Galfenol driven pump, a larger pumping chamber would be required to generate more fluid flow. Galfenol is an attractive option for this type of actuator because of its robustness, machinability, and low cost, and further investigations of the performance of Galfenol in this application is planned in the future.
The Terfenol-D pump was found to have a maximum unloaded velocity of about 10 in/sec at 550 Hz. The maximum output power of the actuator was 2.5 Watts occurring at an output load of 5 lbs., and an actuation frequency of 550 Hz. The blocked force of the Terfenol-D actuator was only about 10 lbs., due to its lower stiffness. However, when compared based on apparent input power, the piezostack actuator was found to be more efficient. The maximum efficiency of the piezostack actuator was about 1.8%, while the Terfenol-D actuator efficiency was only 1%. This is due to the increased input power requirements at high frequencies of the Terfenol-D actuator compared to the piezostack actuator.
Overall, the piezostack actuator appears to be the more efficient actuator. It performed better in unloaded and loaded actuation when compared based on apparent input power. In addition, the piezostack actuator is much lighter than the Terfenol-D actuator, which requires a heavy coil to provide the required magnetic field. The piezostack actuator is only about 35% of the mass of the Terfenol-D actuator. However, a major drawback of the piezostack actuator is its selfheating problem. Presently, a form of active or passive cooling is required for prolonged operation at high frequencies. Future work will include designing appropriate pumping chamber geometry to enable operation with a Galfenol driving element, and comparison of the performance with that of the Terfenol-D actuator.
